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ABSTRACT
Background Cross-sectional studies have shown
declines in lung function among refractory ceramic ﬁbre
(RCF) workers with increasing ﬁbre exposure. This study
followed current and former workers (n¼1396) for up to
17 years and collected 5243 pulmonary function tests.
Methods Cumulative ﬁbre exposure and production
years were categorised into exposure levels at ﬁve
manufacturing locations. Conventional longitudinal
models did not adequately partition age-related changes
from other time-dependent variables. Therefore,
a restricted cubic spline model was developed to
account for the non-linear decline with age.
Results Cumulative ﬁbre >60 ﬁbre-months/cc showed
a signiﬁcant loss in lung function at the ﬁrst test. When
results were examined longitudinally, cumulative
exposure was confounded with age as workers with the
highest cumulative exposure were generally older. A
longitudinal model adjusted by age groups was
implemented to control for this confounding. No
consistent longitudinal loss in lung function was
observed with RCF exposure. Smoking, initial weight and
weight increase were signiﬁcant factors.
Conclusion No consistent decline was observed
longitudinally with exposure to RCF, although cross-
sectional and longitudinal ﬁndings were discordant.
Confounding and accelerated lung function declines with
ageing and the correlation of multiple time-dependent
variables should be considered in order to minimise error
and maximise precision. An innovative statistical
methodology for these types of data is described.
INTRODUCTION
Refractory ceramic ﬁbres (RCF) are man-made
vitreous ﬁbres used for high temperature insulation
applications. Final products may consist of bulk
ﬁbre, blankets, boards, paper and textiles. Health
concerns regarding RCF exposure are related to
ﬁbres that are of respirable size and relatively
persistent in the lungs. Initial RCF inhalation
studies in rats and hamsters found interstitial and
pleural ﬁbrosis, lung cancer and mesothelioma at
maximum tolerated doses. Additional inhalation
studies using lower levels of exposure demonstrated
a cellular response at 36 f/cc, a single mesothelioma
at 91 f/cc, and minimal ﬁbrosis at 91 and 162 f/
cc.
1e4 A cross-sectional evaluation of workers in
seven European plants that manufactured RCF
showed a decrease in FEV1 with increasing cumu-
lative ﬁbre exposure in current and former
smokers.
5 Our previous cross-sectional analysis
demonstrated a signiﬁcant decrease in FVC for 552
RCF male workers after adjusting for smoking.
6
We previously reported no signiﬁcant decline in
lung function in a longitudinal analysis among 361
male current workers providing pulmonary func-
tion tests (PFT) over 7 years.
6 The primary purpose
of this study is to expand the previous report by
evaluating 1396 participants including females and
former workers followed for up to 17 years. This
extended longitudinal study period, however, posed
analytical challenges regarding the partitioning of
age-related changes from other time-dependent
exposure variables.
METHODS
Subjects
Spirometry tests were offered to current male and
female workers at ﬁve RCF manufacturing loca-
tions. At four of these locations, tests were
performed yearly from 1987 to 1994 and then every
3 years through 2004. At the ﬁfth location, tests
were conducted yearly from 1987 to 1997, when
testing was terminated. Those who left employ-
ment prior to 1987, that is, former workers, were
evaluated every 3 years at two locations.
A total of 1290 male and female current workers
were eligible, having 1 or more years of RCF
employment at study initiation or 1 month prior to
testing after study initiation. Of these, 75 salesmen
employed elsewhere were excluded. Thirty workers
having current asthma for over half of their test
dates were removed because asthma medications
could introduce an uncharacterised effect on PFT
results. Of the 1185 workers remaining, 99.3%
(1177/1185) provided at least one PFT. Eight did not
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Original articleprovide a PFT. There were 933 eligible males (67.7% Caucasian,
27.7% African American and 4.6% other) and 244 females (89.3%
Caucasian, 9.4% African American and 1.2% other). Their overall
testing rate was 94.2% (5243 tests/5566 opportunities). Former
workers within a 50-mile radius of two facilities were also
invited to participate (n¼272). Of these, 219 males (too few
females) participated who did not have current asthma symp-
toms and were not in sales. Former workers who moved out of
state were initially scheduled for PFTs at local clinics; however,
test quality was so poor the results were unusable. Additional
details regarding subject recruitment are provided elsewhere.
6
Exposure estimation
Evaluation of current exposures and reconstruction of historical
exposures have been described.
7 8 In 1987, a standardised
protocol was implemented for full-shift quarterly sampling of
randomly selected workers. Historical exposures were recon-
structed for two manufacturing locations where measurements
and operating records were available. To provide exposure esti-
mates for jobs never sampled, similarities in operations were
used to impute a value. For this report, estimates of exposure
prior to 1987 were developed for three manufacturing locations
not previously reported. These estimates utilised previous cate-
gorisations of jobs into industry-wide job title groups or titles
involving similar activities and were reviewed by plant
personnel. The assumptions were that across industries, tech-
nology changed at generally the same pace and the ratio of
pre- and post-1987 exposures did not vary appreciably, although
the magnitude may have differed. For example, if the 1987
exposure at company A was 0.45 f/cc where no pre-1987 value
was available, the exposure for a similar job activity was
compared with the 1987 values for all other locations where
prior exposures had been available or reconstructed. Assume the
closest 1987 job activity value at company B was 0.40 f/cc, but
its pre-1987 exposure value was 0.80 f/cc. Then the ratios of
1987 to pre-1987 exposures were used to calculate the unknown
x, as ((0.40/0.80)¼(0.45/x)), allowing assignment of 0.90 f/cc for
the unmeasured time period at company A. These methods
increased the number of subjects with calculated lifetime
cumulative ﬁbre exposure by 282.
Spirometry
Spirometry testing was conducted by experienced University of
Cincinnati technicians who had completed a National Institute
for Occupational Safety and Health approved training course.
6
At study initiation, testing was conducted with Ohio-Med 822
dry rolling seal spirometers (Ohio Medical Products, Madison,
Wisconsin, USA). In 1998 the spirometers were changed to
a similar style (SensorMedics 922 with OMI software; Sensor-
Medics, Houston, Texas, USA). Calibration checks and quality
control procedures met and exceeded those recommended by
standard setting organisations and the spirometer manufacturer.
During PFT visits, volume calibration checks were performed
several times a day in order to evaluate measurement error. The
average volume difference for the ﬁve spirometers was very
small and ranged from  38 to +44 ml. When a study participant
provided a PFT, the spirometer ID was recorded, and the
measured volume was adjusted according to the correction
factor for each spirometer.
Statistical methods
Cross-sectional and longitudinal analyses were performed to
examine the associations of spirometry values and RCF expo-
sure. The primary analyses were for 933 current male employees
having a PFT between 1987 and 2004. FVC and FEV1 values
were corrected for body size by dividing by the square of the
subject’s height at time of test.
6 For ease of interpretation, the
corrected values were then converted to volume units by
multiplying by the square of mean height. Predicted values used
for comparison were derived from the studies of Hankinson.
9
Analyses were repeated for two exposure metrics calculated at
the time of each test, cumulative RCF exposure (ﬁbre-months/
cc) and duration of RCF employment in a production job task
(production years). A cubic spline function of age with four
knots was found to be signiﬁcantly predictive of FVC and FEV1
(p<0.001), as determined by a generalised additive model.
Collinearity was examined among time-varying variables
including age, cumulative cigarette pack-years of smoking,
cumulative ﬁbre exposure and production years. Correlations
were 0.12 for pack-yearsecumulative ﬁbre, 0.28 for production
yearsecumulative pack-years, 0.37 for ageecumulative ﬁbre,
0.47 for ageecumulative pack-years and 0.50 for ageeproduction
years. The minimisation of age collinearities was addressed by
modelling age as a non-linear spline function. Cumulative ﬁbre
and production years were modelled categorically.
The longitudinal analysis utilised a two-stage mixed effects
linear regression model. The ﬁrst stage modelled the trajectory of
each subject’s measurements over time as a restricted cubic
spline function of age (aij).
6 Turning points of the spline function
(knots) were determined by visual inspection and best ﬁt.
Changing the number of knots, for example, from four to three,
did not improve the model. The ﬁrst stage model included the
RCF exposure metric (cij) expressed categorically, and other time-
dependent covariates (zij), including cumulative pack-years,
current smoking at time of test, and per cent weight change
since last test. A random subject-speciﬁc average effect was
included in the stage one model. This effect was modelled at the
second stage as a function of subject-speciﬁc covariates zi and
a population average intercept (Int). Fixed covariates included
plant site and subject weight at initial test. These two models
were combined to yield a linear mixed-effects model of the form:
Yij ¼ Int þ b9 1aij þ b9 2cij þ b9 3aij   cij þ g9 1zij þ g9 2zi þ eij þ bi
where eij and bi are random effects for time and subject,
respectively, assumed to be normally distributed with zero
means. These two sources of variation were combined and
modelled together assuming equal correlation between paired
observations. An additional component of variation was
modelled by including technician. The FVC and FEV1 measure-
ments of 14 different technicians (over 17 years) were analysed
as a random effect and signiﬁcantly improved model ﬁt, based
on the likelihood ratio test statistic. Intraclass correlation coef-
ﬁcients that measure the per cent variability among measure-
ments by the same technician, divided by total variability, were
obtained. These were 1.3% and 0.7% for FVC and FEV1,
respectively.
The parameter (vector) of primary interest described the
exposure-speciﬁc effects of ageing on yearly decline in lung
function. Analyses were repeated for two exposure metrics
calculated at the time of each test, cumulative RCF exposure
(ﬁbre-months/cc) and duration of RCF production employment
(production years). For the analysis of current male workers
(n¼933), the three categories of cumulative RCF exposure were
#15 (50th percentile), >15e60 (80th percentile) and >60 ﬁbre-
months/cc. These categories were chosen since they provided
signiﬁcant differences between each pair of mean cumulative
exposure values. These groups also provided a sufﬁcient number
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comparison with our previous study.
6 Duration of production
employment included four production year categories: (1) non
(zero)-production workers (13th percentile), (2) #7 production
years (with the total of the ﬁrst two categories at the 50th
percentile), (3) >7e15 production years (80th percentile) and (4)
>15 production years. The latter were similar to the last two
percentiles of cumulative exposure categories. The lowest
cumulative exposure category (#15 ﬁbre-months/cc) represents
less than 3 years of cumulative ﬁbre exposure at current
recommended guidelines of 0.5 ﬁbres/cc. Exposure categories
were collapsed for analysis of females.
For currently employed males, age slopes were calculated at
midpoints of intervals at ages 30, 40, 50, and at 60 years for
those older than 55. This method of reporting effects within
four age groups was necessary to adequately adjust for the non-
linear and accelerated loss in lung function with ageing. Because
lung development may increase in young adults, estimates of
slope are not shown for ages less than 25 or for cells with less
than ﬁve subjects. Subjects with multiple tests contributed to
estimates of the trends over time.
For the cross-sectional analyses, spirometric data at both ﬁrst
and last test for current males were analysed. These analyses
included the same restricted spline function and main effects as
the longitudinal model except for weight change. Technician was
modelled as a random effect. Analyses were performed using the
procedure PROC MIXED, SAS for Windows, Version 9.2.
RESULTS
Descriptive statistics for the 933 currently employed males, 244
currently employed females and 219 formerly employed males
are provided in table 1 by cumulative RCF exposure category at
the time of their last test date. Fibre exposure is categorised into
one of three cumulative RCF exposure levels representing #15,
>15e60, and >60 ﬁbre-months/cc. There were 193 currently
employed males (20.7%) with a cumulative RCF exposure
>60 ﬁbre-months/cc. The proportion of females and former
workers in the highest exposure category was similar at 21.2%
and 19.2%, respectively. Mean age and number of years in
production increased with increasing exposure category. Mean
per cent of predicted lung function (FVC and FEV1) decreased
with increasing exposure category for all three study popula-
tions. While predicted values account for age, height, sex and
race differences, the mean cumulative number of pack-years
smoked for current males and females also increased with
increasing cumulative RCF ﬁbre exposure. Males with higher
cumulative RCF exposure were more likely to be a current
smoker (35.8%) than those in the lowest exposure group
Table 1 Descriptive statistics for 933 currently employed males, 244 currently employed females, and 219 formerly employed males at last test date
Cumulative exposure (ﬁbre-months/cc) at last test
£15 >15e60 >60 All
Currently employed males (n¼933)
Number (%) 470 (50.4) 270 (28.9) 193 (20.7) 933
Mean age (years) 38.0 43.6 50.6 42.2
Mean weight (kg) 89.6 92.8 90.0 90.6
Mean cumulative pack-years (smokers only) 15.8 19.7 23.8 19.1
Current smoking status: number (%) 96 (20.4) 69 (25.6) 69 (35.8)
Mean production years at last test (n¼607; excludes non-production workers) 4.8 7.4 8.3 6.7
Mean number of spirometry tests 3.4 5.5 6.0 4.5
Mean FVC as a per cent of predicted 98.6 96.7 94.7 97.3
Mean FEV1 as a per cent of predicted 95.6 92.6 90.2 93.6
Cumulative exposure (ﬁbre-months/cc) at last test
£15 >15 All
Currently employed females (n¼244)
Number (%) 191 (78.3) 53 (21.7) 244
Mean age (years) 38.4 46.9 40.3
Mean weight (kg) 72.1 77.5 73.3
Mean cumulative pack-years (n¼119, smokers only) 16.7 19.5 17.3
Current smoking status: number (%) 56 (29.3) 20 (37.8)
Mean production years at last test (n¼144; excludes non-production workers) 4.3 12.8 7.0
Mean number of spirometry tests 3.8 5.8 4.2
Mean FVC as a per cent of predicted 99.6 93.7 98.3
Mean FEV1 as a per cent of predicted 97.4 90.8 95.9
Cumulative exposure (ﬁbre-months/cc) at last test
£15 >15e60 >60 All
Formerly employed males (n¼219)
Number (%) 114 (52.1) 63 (28.8) 42 (19.2) 219
Mean age (years) 52.7 54.9 62.4 55.2
Mean weight (kg) 87.8 93.4 85.6 89.0
Mean cumulative pack-years (n¼152, smokers only) 22.4 35.2 34.6 28.6
Current smoking status: number (%) 33 (28.9) 19 (30.2) 13 (31.0)
Mean production years at last test (n¼168, excludes non-production workers) 2.7 5.3 9.6 5.2
Mean number of spirometry tests 3.3 3.5 3.6 3.5
Mean FVC as a per cent of predicted 98.1 94.9 91.0 97.1
Mean FEV1 as a per cent of predicted 94.3 91.0 88.9 92.3
Mean years since last RCF employment 16.9 14.4 18.2 16.5
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a decrease with increasing exposure for all groups, this approach
was unadjusted for other time-related factors that affect changes
in lung function, such as cumulative pack-years and weight gain.
Cross-sectional analysis at ﬁrst PFT
First test results from cross-sectional analyses of 933 currently
employed males are shown in table 2. Average exposure effects
on FVC and FEV1 were calculated for two levels of cumulative
RCF exposure, compared to the reference group with the lowest
level of exposure (#15 ﬁbre-months/cc). For 933 males, the
effect of exposure on FVC and FEV1 for subjects in the highest
exposure category (>60 ﬁbre-months/cc) compared to the
reference group was signiﬁcant (p<0.01) at  198.2 and
 154.8 ml, respectively. This cross-sectional analysis also shows
the expected change with respect to pack-years of smoking,
being a current smoker and body weight. Cross-sectional anal-
yses were also conducted using the last test date on 716 (77%)
subjects who provided more than one PFT. Results were similar.
Longitudinal change by cumulative ﬁbre-months/cc
Longitudinal changes in FVC and FEV1 for currently employed
males with at least one PFTare summarised in ﬁgure 1 for three
cumulative exposure categories across four age groups. The
regression model included age, categorical cumulative RCF
exposure, plant, initial weight, per cent change in weight,
cumulative pack-years and smoking status (yes/no) at time of
test. The FVC and FEV1 measurements of 14 different techni-
cians were analysed as a random effect and signiﬁcantly
improved model ﬁt, based on the likelihood ratio test statistic.
Intraclass correlation coefﬁcients were 1.3% and 0.7% for FVC
and FEV1, respectively. Measurements for FVC and FEV1 were
adjusted for height, race and spirometer. Values represent the
change (slope) at each age group per exposure level. Signiﬁcance
was determined by 95% CIs. If intervals did not overlap, mean
rates of change were judged to be statistically signiﬁcant at the
5% level. While statistical signiﬁcance was observed for FVC
between some cells with respect to cumulative RCF exposure
(eg, #15 vs >60 ﬁbre-months/cc at age 40), there was no
consistent pattern demonstrating increasing loss in FVC with
increasing exposure category. For FVC, initial weight and weight
gain were statistically signiﬁcant (p<0.001). Similar ﬁndings
apply to FEV1 with the additional signiﬁcant ﬁnding of cumu-
lative pack-years and current smoking status. Separate analyses
(data not shown) were conducted for subjects providing two or
more tests and for cumulative RCF exposure beginning at time
of study initiation (1987). Trends remained essentially
unchanged for both analyses, although the increased CIs
resulting from smaller numbers reduced signiﬁcant ﬁndings
among some cells. An interaction effect of current smoking and
exposure was also explored using several models including esti-
mates calculated for each age category and exposure level (data
not shown). No interaction effect was observed.
Figure 2 illustrates both the cross-sectional and longitudinal
changes in FEV1 beginning at age 40 for the cohort of 933
currently employed males. The predicted FEV1 adjusted to age
40 for each worker was obtained from the cross-sectional model
across all cumulative RCF exposure categories. Cross-sectionally
there is a residual  83.7 ml loss in FEV1 at age 40 in the
15e60 ﬁbre-months/cc exposure category compared to the
reference group. The longitudinal data demonstrate subsequent
yearly losses such as  33 ml at age 40, -43 ml at age 50, and
 45 ml at age 60 (ﬁgure 1). No persistent exposure-related
accelerated decline in FEV1 existed either as related to historical
exposures prior to ﬁrst test or ongoing exposures from 1987 to
1994. The slope of the line representing the highest exposure
category does not decline at a rate faster than the lower exposure
category for either FEV1 (ﬁgure 2) or FVC (data not shown).
Longitudinal change by production years
Workers were also classiﬁed by category of production years at
the time of each test. Levels of lung function in production
categories were compared to the non-production category. The
change in FVC and FEV1 expressed in ml per year was deter-
mined across the same age groups. Similar to the ﬁndings with
cumulative RCF exposure, there was no consistent pattern of
increasing longitudinal loss in lung function (data not shown).
Within each exposure category the decrease from age 30 to 60
was comparable. Initial weight and weight gain were statisti-
cally signiﬁcant. Cumulative pack-years and current smoking
status were additional signiﬁcant contributing factors to FEV1
decline. The coefﬁcients for initial weight, per cent weight
change and smoking were nearly identical to those reported
with cumulative ﬁbre exposure.
Female and former male workers
The 244 currently employed female workers and 219 male
former workers who left employment prior to 1987 were also
evaluated. All had at least one PFT with no history of asthma.
The longitudinal results mirror those of the larger cohort of
currently exposed male workers. When analysing females for the
two oldest age categories (age 40 and 50), no signiﬁcant expo-
sure-related decline was observed (data not shown). For
example, at age 40 there was a 31 and 28 ml decline in FEV1 at
#15 and >15 ﬁbre-months/cc, respectively. At age 50 there was
a 33 and 32 ml decline in FEV1 at #15 and >15 ﬁbre-months/cc,
Table 2 Cross-sectional analysisy of FVC and FEV1 at ﬁrst test date for 933 currently employed males compared to the lowest exposed groupz
Subjects at ﬁrst test (n[933) FVC FEV1
Slope at age 40 (95% CI)x  35.7*** ( 42.7 to  28.6) (ml/year)  37.1*** ( 42.9 to  31.2) (ml/year)
Cumulative ﬁbre (15e60 ﬁbre-months/cc)z  50.7 ml  83.7 ml
Cumulative ﬁbre (>60 ﬁbre-months/cc)z  198.2 ml**  154.8 ml**
Pack-years at ﬁrst test  1.2 ml/pack-year  4.2**ml/pack-year
Current smoker at time of test  121.2 ml*  193.3 ml***
Weight  4.1 ml/kg**  3.8 ml/kg***
Categorical plant (4 df) p¼0.47 p¼0.26
*p<0.05; **p<0.01; ***p<0.001.
yRegression model included restricted cubic spline function of age, categorical cumulative ﬁbre (ﬁbre-months/cc), continuously modelled pack-years (pack-year), current smoker at time of test
(yes/no), continuously modelled body weight (kg), dummy variables describing ﬁve plant locations. Spirometer measurements were adjusted for height, race and spirometer. Technician was
modelled as a random effect.
zCompared to reference group having <15 RCF ﬁbre-months/cc exposure.
xMean age at ﬁrst test was 36.5 years.
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were observed with current smoking status, cumulative pack-
years smoked and per cent weight change.
For former male workers, the model also included the variable
‘time since last employment’ to evaluate decline or improve-
ment after leaving the workplace; however, no signiﬁcant
difference was observed (data not shown). The mean time since
last RCF exposure was 16.5 years (table 1). At the two oldest age
categories (age 50 and 60), no signiﬁcant exposure-related decline
was observed. At age 50 there was a 47, 41 and 43 ml decline in
FEV1 at #15, >15e60 and >60 ﬁbre-months/cc, respectively. At
age 60, there was a 49, 42 and 44 ml decline in FEV1 at #15,
>15e60 and >60 ﬁbre-months/cc, respectively. The model did
show statistically signiﬁcant declines in FEV1 with current
smoking status, cumulative pack-years smoked and per cent
weight change.
DISCUSSION
Important study strengths are the 17 years of follow-up, 5243
measurements of lung function, inclusion of females and former
workers, and extensive ongoing and historical RCF exposure
estimates. Because cumulative exposure is often highly corre-
lated with other time-dependent variables, a statistical method
was used to control for the potential confounding effects of age.
This issue is important, as changes in FVC and FEV1 are non-
linear and decline faster with advancing age. The cross-sectional
analysis (table 2) demonstrates a signiﬁcant loss in FVC
( 198.2 ml) and FEV1 ( 154.8 ml) in the highest cumulative
RCF exposure category prior to initial test, which is consistent
with earlier ﬁndings.
6 Cross-sectional analyses do not adequately
address time-dependent changes that correlate with age such as
pack-years and weight gain
10; as these are positively correlated,
it is difﬁcult to estimate the effect of each independently.
When 933 currently employed males were each assigned
a level of cumulative RCF exposure and modelled longitudinally
by age groups, no consistent exposure-related decline in FVC or
FEV1 was found (ﬁgure 1). Our longitudinal model has the
advantage of partitioning the non-linear effects of ageing, and it
smoothes age effects across all intervals and increases the
precision of the estimates shown in smaller slope CIs. This
Figure 1 Adjusted longitudinal change
(ml/year) for FVC (A) and FEV1 (B) by
cumulative ﬁbre exposure (f-mo/cc) for
current male employees without
asthma. Also shown is the number of
tests (n) contributing to each age and
exposure category (see text for model).
(A) FVC: Initial weight ( 4.2 ml/kg) and
per cent weight change ( 9.4 ml/%)
signiﬁcant at p<0.001. (B) FEV1:
Cumulative pack-years ( 6.9 ml/pk-yr),
current smoking ( 42.1 ml), initial
weight ( 3.1 ml/kg) and per cent
weight change ( 9.1 ml/%) are
signiﬁcant at p<0.01.
Occup Environ Med 2011;68:89e95. doi:10.1136/oem.2009.048033 93
Original articleincreased precision improved study power to detect change as
demonstrated with the signiﬁcant ﬁndings related to current
smoking status, pack-years of smoking, initial weight and
weight gain. Longitudinal analyses were also conducted using
three knots for the spline function at ages 25, 35 and 45, and
again at 25, 35 and 55. When three were used, all slopes were
attenuated and the differences at age 40 became non-signiﬁcant.
We felt it was important to model changes in slope where most
of the data were observed (age 35e45) and to allow slopes to
differ between ages 45 and 55 and for those older than 55, since
this group had the largest proportion of highly exposed subjects.
Other longitudinal models were explored (only persons
contributing more than one PFT, elimination of the ﬁrst PFT,
etc). In all cases, trends remained similar, although the decreased
number of tests and wider CIs reduced the ability to detect
signiﬁcant changes. Consequently, our ﬁndings were reported for
the model with the greatest precision.
Differences between cross-sectional and longitudinal esti-
mates of exposureeresponse in studies with time-dependent
variables, as observed herein, have been reported by others.
11 In
subject-speciﬁc longitudinal analyses of normally distributed
responses such as FVC and FEV1, slopes may be obtained by ﬁrst
estimating subject-speciﬁc rates of change, then averaging across
all subjects. We feel that this approach is stronger than popu-
lation-based cross-sectional studies, which model mean rates of
change from all subjects grouped by age. For example, Hendrick
modelled factors known to inﬂuence lung function and manip-
ulated the data experimentally so that cross-sectional and
longitudinal contributions could be assessed.
11 A change in the
mean response may include differences between subjects due to
other sources than that which is attributed to the covariate.
Thus, cross-sectional studies analysis may be more susceptible to
population heterogeneity.
There is evidence for a possible healthy worker effect as the
decline in pulmonary function in the highest exposure group
converges with the lowest (ﬁgure 2). This ﬁnding is also seen
with the highest exposure category at ages 50 and 60 where
there is signiﬁcantly less decline in FEV1 (ﬁgure 1). An approach
taken to investigate a potential healthy worker effect was to
evaluate former workers who are traditionally considered to
have higher historical exposures and may have left due to
potential health problems.
6 Overall, when compared to current
males, former workers tended to have slightly larger declines in
FVC at ages 50 and 60 years. This trend is not, however, as
consistent with FEV1. The greater lung function decline in FVC
and in some circumstances FEV1 could also be associated with
higher exposure to RCF and dust during the earlier
manufacturing years or by unknown exposures after leaving
RCF employment. Similar to current workers, former workers
did not show increasing loss in lung function with higher
cumulative ﬁbre exposure. Our study design incorporated
a comparison group of low cumulative ﬁbre exposure and non-
production workers as an internal reference group, rather than
comparison to a general population which may have employed
and unemployed individuals.
In the present study, analyses of decline in FVC and FEV1
were conducted at several ages to control for the non-linear and
accelerated loss in function with ageing as well as changes that
occur in other risk factors over time. We observed the smallest
decreases in FVC among the youngest age group but at the
highest exposure category (ﬁgure 1). This group, however, had
a lower mean body weight (82.1 kg) compared to the low and
intermediate exposure categories (to 86.6 and 90.2 kg). This
suggests that the lowest loss in lung function occurs among the
lightest subjects and that weight is highly associated with lung
function changes. Because smoking and weight are confounders,
in addition to the potential for participation bias related to
smoking, the convergence of the line for the highest and lowest
exposure categories cannot be completely explained by a healthy
worker effect. While a healthy worker effect is a possible
explanation for the non-signiﬁcant trends, it is unlikely to be
primary.
Participation bias is always a concern. Our participation rate
for current males and females with initially normal spirometry
was 93.3% (3438 tests/3685 opportunities) and for those having
an initial FVC or FEV1/FVC% less than the lower limit of
normal, the rate was only slightly lower at 90.4% (630 tests/697
opportunities). Those with lower lung function, however, were
also twice as likely to be current smokers. Smoking also may be
a factor that explains differences in results from this study and
others. Studies investigating changes in lung function among
RCF exposed workers have been conducted in Europe
5 12 as well
as those previously reported by our team in the USA.
61 3In
a European cross-sectional study of currently exposed RCF
workers, small but signiﬁcant declines in FEV1 were found
between increasing cumulative exposure (ﬁbre-ml/years) and
smoking.
5 A follow-up cross-sectional analysis reported similar
ﬁndings with FEV1 and FVC in current male smokers.
12 In the
USA, cross-sectional declines among RCF workers with 10 years
of production employment were reported among male smokers
for FVC and FEV1.
13 In the current longitudinal study no
interaction between smoking and exposure was observed. These
differences may be due to smoking habits. In the Cowie
12 and
LeMasters
13 studies, 38% and 41% were current smokers,
respectively, versus 25% in the current study. While it is
Figure 2 Longitudinal change in FEV1 (ml) among 933 currently
exposed males by cumulative ﬁbre exposure (f-mo/cc). The combined
effects on FEV1 from our longitudinal and cross-sectional models are
shown beginning at age 40 for the largest cohort of 933 currently
employed males. For example, at age 40, the intercept identiﬁes
a  83.7 ml loss in FEV1 for workers in the 15e60 f mo/cc exposure
category. This information is derived from the cross-sectional data from
table 2. The longitudinal data demonstrate subsequent yearly losses
such as  33 ml at age 40,  43 ml at age 50, and  45 ml at age 60
(data from ﬁgure 1). Since the slope of the line representing the highest
exposure category does not decline at a rate faster than the lower
exposure category, no persistent exposure-related accelerated decline
either as related to historical exposure or on-going exposure from 1987
to 2004 is observed.
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ered to be more reliable than cross-sectional analyses, these are
susceptible to errors caused by selective participation in multiple
surveys, learning effects, healthy survivor and healthy worker
effects, and instrument or technician changes.
14 15
Recently, a longitudinal (1990e2006) historical summary of
RCF exposure for workers in manufacturing plants and at
customer facilities was reported.
16 This study included four of
our ﬁve manufacturing locations, plus several others. In general,
the annual average time-weighted average (TWA) concentra-
tions decreased with the greatest change in the early 1990s.
Exposures at our study sites have been well characterised.
78The
majority of job title exposure estimates have remained relatively
stable for the plant sites, even though changes were made with
respect to workplace ventilation. The most signiﬁcant
improvements, however, have been directed towards those jobs
with highest exposure. Of the 122 job titles active in 2001, Rice
reported 79% were at less than or equal to 0.25 f/cc, 14% ranged
from >0.25 to 0.5 f/cc and 7% exceeded 0.5 f/cc. Industry
guidelines recommend an 8-h TWA exposure of 0.5 f/cc.
17 It is
important to recognise, however, that the number of workers
within a speciﬁc job title can change and a decrease in exposure
does not always decrease the percentage of job titles within an
exposure category.
In conclusion, no consistent longitudinal decline in FVC or
FEV1 with increasing RCF exposure category was observed,
although cross-sectional changes were observed for subjects in
the highest exposure category. Critical to this analysis was the
recognition that lung function declines with age are non-linear
and accelerate in older age groups who also have the longest
duration of exposure. To our knowledge, this speciﬁc analysis
strategy has not been published for evaluating longitudinal
change in lung function among adults, although a similar
methodology has been used in children.
18 Longitudinal change in
lung function has been investigated by others; however, these
studies frequently use linear regression or GEE methods of anal-
ysis that may not adequately adjust for age-related accelerated
declines.
19e23 The methods used for this analysis are recom-
mended when undertaking longitudinal analyses of lung function.
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